Bacterial adhesins mediate adhesion to substrates and biofilm formation. Adhesins of the LPXTG family are posttranslationally processed by the cell membrane-localized peptidase sortase A, which cleaves the LPXTG motif. This generates a short C-terminal peptide (C-pep) that remains in the cell membrane, whereas the mature adhesin is incorporated into the cell wall. Genes encoding adhesins of the oral bacterium Streptococcus gordonii were differentially expressed depending on whether the bacteria were isolated from saliva or dental plaque and appeared to be coordinately regulated. Deletion of sspA and sspB (sspAB), both of which encode LPXTGcontaining adhesins, unexpectedly enhanced adhesion and biofilm formation. C-peps produced from a model LPXTG-containing adhesin localized to the cell membrane and bound to and inhibited the intramembrane sensor histidine kinase SGO_1180, thus preventing activation of the cognate response regulator SGO_1181. The absence of SspAB C-peps induced the expression of the scaCBA operon encoding the lipoprotein adhesin ScaA, which was sufficient to preserve and even enhance biofilm formation. This C-pep-driven regulatory circuit also exists in pathogenic streptococci and is likely conserved among Gram-positive bacteria. This quality control mechanism ensures that the bacteria can form biofilms under diverse environmental conditions and may play a role in optimizing adhesion and biofilm formation.
INTRODUCTION
Surface-attached microbial communities (biofilms) are involved in about 80% of all human bacterial infections (1) (2) (3) . Adhesion to a surface is necessary for the survival of many Gram-positive bacteria (4) (5) (6) and is mediated by an array of cell surface adhesive proteins (adhesins), including the ubiquitous LPXTG motif protein family (7) (8) (9) . In the Gram-positive oral bacterium Streptococcus gordonii, we previously reported that transcripts encoding the highly homologous LPXTG adhesins SspA and SspB (SspAB) are more highly expressed in planktonic and free-growing cells than in sessile cells adhering to saliva-coated hydroxyapatite in vitro (10) . In this in vitro tooth surface model, mutation of sspAB does not prevent biofilm formation; instead, it causes sessile, planktonic, and free-growing S. gordonii to increase the expression of genes encoding several other adhesins (10) , suggesting compensation through the coordinated regulation of other key adhesins to maintain biofilm formation.
Biofilm formation in the oral environment (4, 5) appears to require that LPXTG adhesins are correctly processed, presented, and covalently linked to the cell wall (11) . Posttranslational sorting and processing of LPXTG proteins involve two enzymatic cleavages and produce three functional peptides: (i) an N-terminal signal peptide, which targets the polypeptide for secretion across the cell membrane and is cleaved by the signal peptidase (12) ; (ii) an adhesin domain(s) that mediates adhesion to surfaces; and (iii) a C-terminal peptide (C-pep), which is cleaved from the polypeptide between the threonine and glycine residues of the LPXTG motif by the cell membraneanchored peptidase sortase A (SrtA) and is hypothesized to be retained within the cell membrane (12) (13) (14) . The signal peptide targets the protein for export, and the LPXTG motif and its cleavage to produce the C-pep are required for SrtA-mediated linkage of the processed adhesin to the cell wall (13, 14) . S. gordonii srtA mutants fail to anchor LPXTG adhesins (SspA, SspB, SGO_0707, SGO_1487, CshA, and CshB) to the cell wall, resulting in the release of these adhesins into the medium (15, 16) . Cell adhesion and biofilm formation are disrupted, although the expression of most genes encoding putative adhesins increases in the mutants (16) . Mutating genes encoding adhesins generally causes a loss of adhesion (17) , but disruption of the highly homologous S. gordonii adhesins SspAB enhances adhesion (18) .
Here, we describe a quality control mechanism that monitors the processing of LPXTG adhesins by SrtA. The C-peps generated by SrtA-mediated cleavage of adhesins repressed a previously uncharacterized intramembrane two-component system (TCS). Mutations that prevented the generation of C-peps derepressed the TCS, resulting in increased expression of other adhesins that compensated for the loss of LPXTG adhesins.
The production of C-peps affects biofilm formation
The increased biomass of biofilms in S. gordonii lacking SspAB could be explained by increased production of other adhesins (10) . Further, given that LPXTG motif genes and proteins are globally increased when srtA is deleted (16) , we proposed that SrtA activity produces a repressive signal during LPXTG processing (12) . To determine whether the nascent adhesin polypeptide contained a repressive signal, we constructed new strains that lacked specific functional domains. Strains missing only the adhesin domain produce a polypeptide in which the secretion signal peptide (S) is directly coupled to the LPXTG motif (L) and the C-pep (C). Alleles in which we deleted the adhesin domains of SspAB, SGO_0707, or PavB are referred to as SspA SLC , SGO_0707 SLC , and PavB SLC , respectively. Because sspA and sspB have high genetic homology, the sspA and sspB alleles were replaced with a sequence that only produced the SspA SLC polypeptide; the respective SLC alleles were used for SGO_0707 and PavB. The resultant strains, a SspAB deletion mutant expressing SspA SLC (SspAB::SspA SLC ) and a SGO_0707 deletion mutant expressing SGO_0707 SLC (SGO_0707::SGO_0707 SLC ), formed biofilms with 16 and 33% less biomass, respectively, on saliva than did wild-type cells (Fig. 1A) . In the absence of saliva, SspAB::SspA SLC biofilms mimicked SspAB and formed 23% less biomass than wild type, whereas SGO_0707::SGO_0707 SLC and PavB::PavB SLC formed biofilms that were equal in biomass to wild type ( Fig. 1A and fig. S3 ). Biofilms of the SspAB::SspA SLC , SGO_0707::SGO_0707 SLC , and PavB::PavB SLC constructs did not show the characteristic enhanced biomass observed in the respective complete adhesin deletion strains, indicating that the repressive signal was not contained within the functional adhesin domain. To determine whether the LPXTG motif was required for repression, we deleted the LPNTG motif from SGO_0707 (SGO_0707∆LPNTG), creating a protein in which the signal peptide and adhesin domain were connected directly to the C-pep. Without saliva, SGO_0707∆LPNTG biofilms showed enhanced biomass similar to the SGO_0707 strain (Fig. 1B) . Thus, cleavage of the LPXTG motif by SrtA and release of C-pep in the cell membrane were required to repress compensatory adhesin production that enhanced biofilm formation.
C-peps localize to the streptococcal plasma membrane C-peps are hydrophobic peptides of 29 to 34 amino acids, sufficient to span the lipid bilayer; glycine residues may form intrahelical salt bridges that stabilize the transmembrane helix (12, 14, (20) (21) (22) .
To model the localization of SGO_0707 C-peps within the streptococcal cell, we inserted the Venus yellow fluorescent protein (YFP) into the SGO_0707 locus (23) between the penultimate and stop codon of sgo_0707. High genetic homology made it not feasible to perform this insertion with sspA and sspB. If properly intercalated in the cell membrane, the SrtA-processed SGO_0707 C-pep-YFP gordonii mutants in wells that were uncoated (filled bars) or saliva-coated (unfilled bars). Wild-type (WT) cells were compared to mutants lacking LPXTG adhesins SspA and SspB (SspAB) or SGO_0707 (SGO_0707) and to each deletion mutant expressing the SLC form of the deleted adhesin, which contains the engineered polypeptide: signal peptide, LPXTG motif, and C-pep (adhesin domain missing). Each substrata dataset was analyzed separately using one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test.
(B) Quantification of biofilm formation by mutant S. gordonii in which the SGO_0707 C-pep production was eliminated by deleting the SrtA cleavage site, LPNTG, from the endogenous sgo_0707 locus (SGO_0707∆LPNTG). Data were analyzed using an unpaired, two-tailed Student's t test. All data represent the means ± SD of at least three independent experiments, with at least three technical replicates for each strain per experiment. Significant differences are denoted by asterisk(s). ****P ≤ 0.0001.
should be juxtaposed or overlapping with the lipid bilayer. Using structured-illumination microscopy (SIM), we found that C-pep-YFP appeared to colocalize with a membrane marker and formed a punctate halo around the chromosome (Fig. 2, A to E; fig. S4 , A to D; and movies S1 and S2), consistent with streptococcal cell architecture (16) . Thus, SGO_0707 C-pep (Fig. 2F) , and likely the structurally similar SspA, SspB, and PavB C-peps (12), appeared to localize within the S. gordonii lipid membrane as observed at subvisible light resolution facilitated by SIM.
SGO_1180 and SGO_1181 constitute a TCS that controls biofilm formation
Because C-peps are localized within the membrane (Fig. 2) , we reasoned that C-peps could be "sensed" by a TCS. TCSs consist of a sensor histidine kinase (HK) and a response regulator (RR). Most HKs are transmembrane receptors that phosphorylate intracellular RRs that often act as transcription factors when activated by phosphorylation. Most TCSs detect intra-or extracellular stimuli (24) , but some detect signals that originate in the membrane (25, 26) . Intramembrane sensor kinases (IM-HKs) are characterized by an intramembrane sensor domain (25) formed by at least two transmembrane helix regions connected by a linker(s) of less than 25 amino acids (25) . By querying the MIST2 database (http://mistdb.com), we identified 16 known or potential sensor HKs (table S1) . One potential sensor HK, SGO_1180, has characteristics of an intramembrane sensor. It lacks predicted extracellular or intracellular sensor or ligand-binding domains and has an extracellular linker of only 9 or 10 amino acids connecting the two transmembrane helices (table S1 ). The sgo_1180 gene shares an overlapping translational reading frame with a gene encoding a predicted DNA binding RR, sgo_1181, and is located downstream of pavB (sgo_1182) (27) . We confirmed that pavB, sgo_1180, and sgo_1181 were cotranscribed (fig. S5A) using reverse transcription polymerase chain reaction (RT-PCR; fig. S5 , B and C). The predicted protein products, SGO_1180 and SGO_1181, show high sequence homology to the HK and RR of the S. pneumoniae TCS TCS08 (76 and 83% identity, respectively) and are conserved among streptococci (28, 29) . The HK and RR of the SaeRS TCS, regulators of adhesins and virulence factors in staphylococci that have similar protein structures, show 31 and 47% identity, respectively, to SGO_1180 and SGO_1181 (30, 31) .
To test whether C-peps repress adhesin production through an intramembrane TCS, we deleted sgo_1180 and sgo_1181 alone and in combination with sspAB, sgo_0707, or pavB. Whereas the deletion of single adhesin genes in the wild-type background resulted in biofilms of increased biomass (Fig. 1A) , the deletion of sgo_1180 and sgo_1181 (SGO_1180-81) in wild type reduced biofilm formation in both saliva-coated (25%) and uncoated (6%) wells (Fig. 3A) . Deleting individual adhesins in the TCS mutant background (SspABSGO_1180-81, SGO_0707SGO_1180-81, and PavBSGO_1180-81) prevented the increase in biofilm mass conferred by deletion of the adhesin alone on saliva-coated or uncoated surfaces (Fig. 3A and fig. S3 ). We then deleted sgo_1180 and sgo_1181 in the SspAB::SspA SLC and SGO_0707::SGO_0707 SLC strains, creating SspAB::SspA SLC SGO_1180-81 and SGO_0707::SGO_0707 SLC SGO_1180-81. Biofilm formation was similarly reduced in all strains with a SGO_1180-81 background (Fig. 3A) . The SGO_1180-81 TCS was therefore essential for repressing the enhanced biofilm response in the absence of an LPXTG adhesin.
To transduce signal, sensor HKs phosphorylate cognate RRs at a conserved aspartic acid residue, activating the effector function of the RR (32) . SGO_1181 is similar to the RR OmpR, which binds to DNA and acts as a transcriptional regulator, so we predicted that the kinase activity of SGO_1180 toward SGO_1181 would be inhibited by C-peps. To test this prediction, we created a nonphosphorylatable mutant form of SGO_1181 (1181 D53N ) in the wild-type and SGO_0707 backgrounds. As expected, SGO_0707 formed biofilms of 16% greater biomass than wild-type cells in uncoated wells, whereas 1181 D53N and 1181
D53N
SGO_0707 biofilms had 10% less biomass than wild-type biofilms (Fig. 3B ). In the absence of a C-pep from SGO_0707, therefore, SGO_1181 phosphorylation was required to derepress the enhanced biofilm response.
As a resident of dental plaque, S. gordonii exists in complex multispecies biofilms. To understand whether this C-pep signal and response circuitry regulates fitness of S. gordonii in the absence of sspAB, we isolated and cultured supragingival plaque from healthy donors and then inoculated these multispecies plaque biofilms with genetically marked S. gordonii strains at low cell density. After overnight culture, we quantified the relative amount of each S. gordonii strain present in the plaques by qPCR. Like monospecies biofilms, multispecies biofilms supported >2-fold more SspAB than wild-type cells (Fig. 3C) . Further, the abundance of SspAB::SspA SLC and SspAB1180 strains was similar to wild type (Fig. 3C) . Relative to wild type, the amount of the SrtA strain was greatly reduced in the multispecies biofilm (Fig. 3C) , which is consistent with our previous reports showing that LPXTG adhesins are released into the medium (rather than covalently linked to the cell wall) and biofilm formation is markedly reduced in the absence of SrtA (15, 16) . These results also indicate that S. gordonii shows fitness in colonizing a multispecies ex vivo biofilm in the absence of the major SspAB adhesins, which had been suggested to be crucial for survival in plaque (33) . We conclude that the TCS regulatory circuit coordinates the expression of adhesins with biofilm formation and that fitness to colonize a multispecies biofilm is established through SspAB C-pep-mediated repression of the SGO_1180-1181 TCS.
SspA C-pep and the SGO_1180-1181 TCS control scaCBA expression To learn whether transcriptional activation of alternative adhesins explains the increased biomass of biofilms (10) (34, 35) . In SspAB biofilms, other adhesin transcripts including pavB, sgo_2004, sgo_2005, sgo_0707, cshA, sgo_1487, and sgo_0890 were comparable to wild-type biofilms. Likewise, the expression of transcripts encoding glycosyltransferases, which can contribute to biofilm matrices (36, 37) , was similar in all strains tested (table S2) . Changes in adhesin gene expression before or after 4 hours of growth were not reflected in our single time point analysis.
SGO_1180-81 TCS was required for the increase in scaCBA expression because scaCBA was not up-regulated in strains lacking SGO_1180 and SGO_1181 (table S2) . scaA mRNA abundance was confirmed to increase 5.5 ± 1.1-fold in SspAB biofilms relative to wild type, whereas mRNA abundance in the SGO_1180-81 biofilms was similar to wild type using RT-qPCR (table S2) . Using RNA isolated from biofilms grown on plastic, transcription of scaA in ∆SGO_0707 and ∆PavB mutants was similar to wild type as determined by RT-qPCR. In free-growing (no adhesion substrate) SspAB cells, scaA expression was 4.7 ± 0.3-fold greater than in wild-type cells. The expression of scaA in SspAB::SspA SLC , SGO_1180-81 mutants, and wild type was similar in free-growing cells (table S3) and sessile  biofilms (table S2) . Thus, SGO_1180-81 likely transcriptionally activates the adhesion-related operon scaCBA to stimulate production of alternative adhesins when SspAB C-peps are missing.
To determine whether the ScaA adhesin enhances the biomass of SspAB biofilms, we tested mutants in both plastic and salivacoated wells. The scaA mutant strain (scaA::tetM) formed biofilms of 47% less biomass in the presence of saliva and 60% less biomass in the absence of saliva ( fig. S6 ). When scaA was inactivated in the SspAB background (scaA::tetMSspAB), biofilm biomass was only 48% of wild type in the presence of saliva and 8% in the absence of saliva ( fig. S6 ). Because the enhanced biomass in SspAB biofilms was independent of changes in glycosyltransferase expression based on our RNA-seq data (table S2), increased expression of scaA adhesin gene best explains the enhanced biomass of SspAB biofilms. Further, ScaA-dependent enhanced biofilms appear to strictly depend on SGO_1180-81 because the sca operon regulator, scaR, is not co-regulated with scaA (table S2) (38) .
SGO_0707 C-pep interacts directly with SGO_1180
We next asked whether C-peps interact directly with SGO_1180 in the lipid bilayer of S. gordonii cells using bimolecular fluorescence complementation (BiFC) (23, 39, 40) . Again, because of the high nucleotide sequence homology between sspA and sspB, we focused on sgo_0707 for genetic manipulations. The C-pep of SGO_0707 (Fig. 4B ). This suggested that the SGO_0707 C-pep ( Fig. 4A) interacted with, or was at least localized in very close proximity to, the transmembrane domains of SGO_1180 within the streptococcal cell membrane. Furthermore, our observation that the C-pep interacted with SGO_1180 to reconstitute fluorescence emission only when the YFP fragments were in two of the possible orientations implies that the interaction with the C-pep was restricted to specific faces of the transmembrane helices of SGO_1180 (41). C-pep docking could change the conformation of SGO_1180, interfering with the ability of SGO_1180 to undergo autophosphorylation or transphosphorylate SGO_1181, or both. HKs such as SGO_1180 have three domains critical to signal transduction: (i) HKs, adenylate cyclases, methyl accepting proteins, and phosphatases (HAMP); (ii) dimerization and histidine phosphotransfer (DHp); and (iii) catalytic adenosine 5′-triphosphate binding (CA) . To analyze changes in conformation, purified recombinant SspA C-pep and SGO_1180 were combined in 1,2-dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC) vesicles (42) and analyzed by MAS NMR spectroscopy. To detect rigid transmembrane helical domains in the kinase, we acquired a 1D CP spectrum. The envelope of the transmembrane domain residues resonated between 100 and 150 parts per million (ppm; Fig. 4C ). By capturing the 2D-N to C  (NCA) spectrum (43) , the free and SspA C-pep-bound forms were found to overlay almost entirely in fingerprint resonances (N-C  correlations) of SGO_1180 (Fig. 4D ). We then visualized the dynamic residues of SGO_1180 using a refocused Insensitive Nuclei Enhanced Polarization Transfer (INEPT) (rINEPT) experiment (44) . In the absence of SspA C-pep, we observed a few peaks in the 100-to 150-ppm region (Fig. 4E ), corresponding to the most mobile regions of the HK. Several of these dynamic residues were also detectable in the 2D region of the rINEPT spectrum (Fig. 4F ). In the presence of SspA C-pep, these dynamic residues were no longer detectable (Fig. 4E ), indicating that these residues became immobilized because of intermolecular interactions. These NMR spectra in lipid membranes showed statistically significant rigidification of the most dynamic region of SGO_1180 when physically interacting with SspA C-pep.
Conformational integrity of SGO_1180 is critical for sensing C-peps
Given that intramembrane C-peps directly interact with and negatively regulate SGO_1180, the transmembrane domains of SGO_1180 may contain tertiary structural determinants that respond to the absence of C-peps with downstream signaling. In the intramembrane HK SaeS of Staphylococcus aureus strain Newman, for example, the substitution mutation L18P converts the transmembrane domain  helix to a  sheet and constitutively activates the kinase (45) . On the basis of the high structural similarity to SaeS, the -helical transmembrane structure of SGO_1180 was hypothesized to be critical for "sensing" C-peps. We substituted proline for the conserved lysine in the first transmembrane helix of SGO_1180 (Lys 16 ), creating SGO_1180 L16P (Fig. 5A ). The 1180 L16P strain produced a biofilm of 27% greater biomass than wild type (Fig. 5B) . Hence, the native Data represents the means ± SD of three independent experiments with three technical replicates per experiment. Data were analyzed using an unpaired Student's t test. Significant differences between strains are denoted by asterisk(s). ****P ≤ 0.0001. (C to F) Magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy of SspA C-pep and SGO_1180 (1:1) in artificial lipid membranes. The one-dimensional (1D) cross-polarization (CP) spectrum to detect the transmembrane helical domains (C), the overlay of 2D-N to C  (NCA) spectra of free and SspA C-pep-bound SGO_1180 (D), the rINEPT of free and SspA C-pep-bound SGO_1180 to capture the dynamic residues of SGO_1180, and the 2D-rINEPT spectrum of SGO_1180 alone to detect the dynamic residues. Red, SGO_1180 alone; black, SGO_1180 + SspA C-pep (1:1).
conformation of the first SGO_1180 transmembrane loop is essential for proper repression of biofilm formation (32) . The expression of scaA was similar in 1180 L16P and wild-type strains, suggesting that SGO_1180-mediated phosphorylation of SGO_1181 alone may be insufficient for induction of scaA.
SGO_1180 is functionally conserved among streptococci
We next determined the extent of structural and functional conservation of SGO_1180. Using National Center for Biotechnology Information (NCBI) BLASTP, we identified proteins orthologous to the first 120 amino acids of SGO_1180, which contains both the transmembrane and HAMP domains. With the notable exception of group A Streptococcus (Streptococcus pyogenes) and Streptococcus mutans, SGO_1180 orthologs highly conserved at the level of amino acid sequence were present throughout the streptococci ( fig. S7 ). SGO_1180 orthologs were also identified among related genera, including enterococci and Listeria ( fig. S8 ). Given that enhanced biofilms in SspAB strains depended on a functional SGO_1180-81 TCS, we hypothesized that SGO_1180 orthologs function similarly across species.
To test this hypothesis, we determined whether S. (Fig. 5C ). The structurally related intramembrane HK, SaeS, has 22% amino acid identity with the first 120 amino acids of SGO_1180. We then tested whether each possible ortholog could restore enhanced biofilm biomass in S. gordonii SspABSGO_1180 grown in saliva-coated microtiter wells (Fig. 5D ). As expected, 1180 Sg fully complemented the enhanced biofilm of the SspAB strain (100% These data strongly suggest that SGO_1180 and the predicted streptococcal orthologs are functionally orthologous. In contrast, S. aureus SaeS does not appear to functionally complement SGO_1180 within the parameters of this assay. Despite structural conservation, SGO_1180 and SaeS appear to be functionally dissimilar intramembrane HKs. Nonetheless, the SGO_1180-81 TCS and highly conserved pan-streptococcal orthologs, however, are strongly suggested to regulate the production of alternative adhesins and sustain biofilm formation in the absence of C-pepcontaining LPXTG adhesins.
DISCUSSION
Adhesins are important for bacterial attachment and establishment of biofilms on abiotic and biotic surfaces and for intercellular communication. The inability to properly produce adhesins may lead to niche extinction. Using the oral commensal bacterium S. gordonii as a model organism, we showed that the expression of adhesin genes differed in samples taken simultaneously from the dental plaque and saliva from the same individuals on different days, indicating that adhesin expression varies within the host environment. SrtA, which is ubiquitous in Gram-positive bacteria (12), processes cell wall-anchored LPXTG-containing adhesins, generally large proteins or glycoproteins that are energetically expensive to produce. Monitoring for proper sorting would conserve energy in all organisms expressing this regulatory circuit. We identified an intramembrane peptide-protein sensory circuit that monitors the SrtA processing fidelity of LPXTG adhesins that maintains the organism's ability to form biofilms even when processing is compromised.
We present here the characterization of a previously unrecognized intramembrane signaling mechanism that monitors LPXTG adhesin processing by SrtA to sustain biofilm formation. The intramembrane C-pep signals are structurally conserved, short, single-transmembrane peptides (Fig. 2F) , whereas the functional adhesive domains of LPXTG adhesins are structurally divergent (12) . We speculate that differences in primary sequence could confer signaling specificity to C-peps, and more experiments are needed to decipher whether or not there is a specific C-pep code for inhibition of SGO_1180, given that scaA was not induced when SGO_0707 or PavB was deleted or SGO_1180 was mutated (1180 L16P ). We cannot exclude that additional unknown proteins or other transcriptional programs may be at work. We do not yet know how these C-pep signals enable the 26 LPXTG family proteins to work collectively to repress or activate the production of alternative adhesins through SGO_1180. We speculate that C-pep sequences may cluster among groups of adhesins and be distinguished by SGO_1180 to induce different patterns of transcriptional adhesin gene responses. How this mechanism might influence the function of a particular adhesin, perhaps during adaptation to an ecological niche such as the oral cavity or during establishment as a pathobiont remains unknown but is under active investigation. As a regulator of biofilm formation, however, we consider SGO_1180 and orthologs to be potential targets for the development of antiinfective therapies. This mechanism for monitoring LPXTG adhesin processing is likely to be present in many Gram-positive bacteria because SGO_1180-81 orthologs were identified in related genera and the sensing function of SGO_1180 is likely to be conserved based on sequence homology. Although not exhaustive, our functional complementation of SGO_1180 with orthologs from S. pneumoniae and S. agalactiae (Fig. 5D) supports the assertion that SGO_1180 orthologs in streptococcal species also monitor sorting of LPXTG-containing proteins. The monitoring of SrtA processing fidelity by TCS signaling in response to C-peps also appears conserved among several LPXTG adhesins.
The HK SGO_1180 docks with the SspAB C-peps. In the absence of C-peps, SGO_1180-mediated activation of SGO_1181 likely transcriptionally activates compensatory expression of the adhesion-related operon, scaCBA, resulting in production of the alternative adhesin, ScaA (10) . On the basis of homology to other RRs of the OmpR family, a potential SGO_1181-binding site overlaps the −10 and −35 promoter elements (ATTAACTTGACTTAATTTTTAT GTTAAGGTATATTAA) in the scaCBA promoter (46) (47) (48) .
Increased biofilm biomass in response to the loss of SspAB depended on the lipoprotein adhesin ScaA, which mediates coaggregation with Actinomyces naeslundii (9) and binding to oral glycoproteins and the salivary film (49) . Increased ScaA may directly promote adhesion, therefore, to the substrate or neighboring cells. S. gordonii biofilm formation associated with scaA induction was enhanced (Fig. 1A) and may contribute to increased fitness in a salivabased multispecies biofilm (Fig. 3C) . Whereas scaCBA induction is not seen in SGO_0707 and PavB strains, other adhesins may be induced to rescue biofilm formation. Furthermore, additional transcriptional regulators may indirectly control biofilm formation (50, 51) because the transcriptome data suggested altered expression patterns of known and predicted transcriptional regulators.
In the cell membrane, SGO_0707 C-pep directly interacted within molecular distances of both predicted transmembrane domains of SGO_1180. The helical structure of the transmembrane domains was critical for C-pep repression through SGO_1180 because the L16P substitution blinded SGO_1180 to C-pep repression (Fig. 5B) . Using solid-state NMR, we confirmed that SspA C-pep docked with SGO_1180 without accessory proteins or other factors (Fig. 4 , C and D) (52) . In the presence of SspA C-pep, the soluble HAMP, DHp, and CA domains of SGO_1180 became rigid when intercalated in lipid vesicles. Thus, C-peps appear to inhibit the conformational rearrangement necessary for transmembrane signaling by the sensor HK (53) . Hence, C-peps appear to be analogs of PilA, which confers autoregulation in Pseudomonas aeruginosa (54) . The single conserved N-terminal domain of PilA interacts with and inhibits the kinase activity of the intramembrane HK PilS, controlling the abundance Fig. 6 . Model of the SspAB C-pep-SGO_1180-SGO_1181 regulatory circuit for monitoring successful processing of LPXTG-containing proteins by SrtA. After cleavage of the LPXTG motif by SrtA, the mature adhesin is anchored to the cell wall and the C-pep is retained in the cell membrane. Within the cell membrane, the C-peps bind to the transmembrane domains of the HK SGO_1180, thereby negatively regulating the phosphorylation cascade and preventing compensatory gene expression. In the absence of one or more C-peps, kinase activity of SGO_1180 is increased and induces compensatory gene expression through SGO_1181 to maintain biofilm formation. This circuit indirectly monitors proper placement of LPXTG-containing proteins on the cell wall.
of PilA on the cell surface (54) . Although the ligands for many other intramembrane HKs have not been identified, we show that C-peps are the ligands for SGO_1180.
Our studies provide strong evidence that C-peps cleaved from LPXTG-containing adhesins by SrtA act as signaling ligands within the cell membrane as shown for SspAB, SGO_0707, and PavB. We, therefore, propose a model (Fig. 6 ) in which C-peps cleaved by SrtA during processing of a structural adhesin are retained within the membrane and dock with the intramembrane sensor domains of the intramembrane HK SGO_1180. We speculate that SGO_1180 can bind to C-peps from multiple LPXTG-containing proteins and respond to their loss. Whether the absence of different C-peps elicits distinct transcriptional responses remains to be determined. Docking with C-pep prevents conformational changes of the cytoplasmic signal transduction domains of SGO_1180 (53) and informs the cell that the LPXTG adhesins have been properly sorted to the cell wall. In addition to missing LPXTG adhesins, C-pep abundance could also be reduced by other pre-or posttranscriptional regulatory processes. The absence of C-pep binding likely leads to phosphorylation of the cognate RR SGO_1181, which sustains biofilm-related expression of genes encoding alternative adhesins. Through this mechanism, S. gordonii appears to monitor sorting of LPXTG-containing proteins (15) and provides an efficient process for correction when needed. This regulatory mechanism constitutes a previously unknown control of the fidelity of SrtA-mediated processing in the life cycle of streptococci and perhaps other Gram-positive bacteria. LPXTG adhesins also appear to distinguish between different environmental surface cues, suggesting that optimization of adhesion and biofilm formation may involve this adhesin regulatory circuit.
MATERIALS AND METHODS

Bacterial strains and media
Todd Hewitt (TH) broth (Difco) was used for routine culturing of S. gordonii DL1 and isolation and culture of mutant strains. When required for mutant isolation, agar was used to solidify TH broth. Brain heart infusion (BHI) broth (Difco) was used for biofilm biomass experiments. All experiments were incubated at 37°C with 5% CO 2 . To construct in-frame deletions, strains were cultured at 37°C on TH agar in an anaerobic mixed gas chamber (Coy Laboratory Products). E. coli was cultured at 37°C in LB medium (Difco) or BHI. Antibiotic concentrations in TH and BHI media were used as follows: for S. gordonii, erythromycin (TH erm ; 5 g/ml) and spectinomycin (TH spec ; 700 g/ml), and for E. coli, LB medium was used with spectinomycin (LB spec ; 75 g/ml) or ampicillin (100 g/ml).
Saliva and plaque collection
Whole unstimulated saliva and supragingival plaque samples were collected concurrently from five healthy adult volunteers on at least two occasions. Volunteers were asked to refrain from brushing their teeth for 24 hours before each sample collection. Saliva was collected by expectoration into tubes on ice, and 20 ml from each donor was centrifuged for 10 min at 4°C at 1000g (Beckman SX4750 rotor) to remove large debris and bacterial aggregates. The supernatants (~15 ml) were collected, and the planktonic bacteria were pelleted by centrifugation at 13,000g for 1 min at 4°C and washed once with prechilled sterile phosphate-buffered saline (PBS). Supragingival plaque was obtained by scraping from the buccal surface of first and second maxillary molars using sterile micropipette tips. The plaque samples were immediately transferred to 1.7-ml microcentrifuge tubes containing 1 ml of prechilled sterile PBS, pelleted by centrifugation at 13,000g (Eppendorf 5415D) for 1 min at 4°C, and washed once with prechilled sterile PBS. Sessile plaque and planktonic salivary bacterial community samples were stored at −80°C in 500 l of TRIzol Reagent (Ambion) until RNA isolation. Total RNA was purified using the Direct-zol RNA MiniPrep Kit (Zymo Research) according to the manufacturer's protocol. RT-qPCR was performed as described below, and relative expression of adhesin genes was calculated using the C t method.
For experiments testing biofilm formation in the presence of human saliva, stimulated whole saliva was collected from two to five donors on ice and pooled. Saliva and plaque collections were performed using a protocol that was reviewed and approved by the University of Minnesota Institutional Review Board.
DNA manipulations
Standard recombinant DNA techniques were used as described by Sambrook et al. (55) . Oligonucleotides (table S4) and synthetic DNA gBlocks were synthesized by Integrated DNA Technologies (IDT). All strains and plasmids used or created in this study are listed in tables S5 and S6, respectively. Plasmids were purified from E. coli using the QIAquick Spin Miniprep Purification Kit (Qiagen). Chromosomal DNA was prepared as previously described (10) . DNA was amplified using Q5 High-Fidelity DNA Polymerase (New England Biolabs). DNA restriction and modification enzymes were used according to the manufacturer's directions (New England Biolabs). PCR products were purified using GenCatch Advanced PCR Extraction Kit (Epoch Life Science), and DNA was extracted from agarose gels using the QIAquick Gel Extraction Kit (Qiagen).
Construction of S. gordonii mutants
The principles of a markerless mutagenesis system, originally designed for use in S. mutans (19) , were adapted to construct a S. gordonii-specific mutagenesis cassette, JHMD1. All bacterial strains are listed in table S5. Briefly, the cassette uses erythromycin resistance for the first allelic exchange event. A mutated S. gordonii pheS sensitizes cells to 4-Cl-Phe providing identification of the final allelic exchange and resolution of the in-frame mutation. The S. gordonii ldh promoter in the JHMD1 cassette drives expression of the selection markers. The cassette was constructed in silico and produced by GenScript, USA, producing plasmid pJHMD1. To construct the single in-frame markerless gene deletions, the JHMD1 cassette and regions of homology [~300 to 500 base pairs (bp)] upstream and downstream of the region to be mutated were PCR-amplified from pJHMD1 and DL1 genomic DNA, respectively. The PCR primers were designed to delete >98% of the structural gene but maintain the native transcription regulatory regions and start and stop codon sequences. The upstream and downstream regions were spliced to the JHMD1 cassette using splice overlap extension PCR (SOE-PCR) (19) . The PCR product was transformed into wild-type DL1 (10) and plated on selective TH erm agar. The same regions of chromosomal homology were then spliced to each other using SOE-PCR, transformed into the erythromycin-resistant intermediary strain, and plated on selective TH 4-Cl-Phe . The mutations were confirmed by diagnostic PCR and sequencing. Double deletions were constructed progressively using DNA from a verified Erm R intermediary. Next, the genomic DNA of a resolved, sequence-verified mutant was used as a template for PCR amplification. Each PCR product was transformed sequentially through positive and negative selection until the second mutation was achieved. Chromosomal nucleotide changes were constructed as above. The mutation of interest was incorporated into the upstream reverse oligonucleotide PCR primer and carried through until resolution of the mutation.
Construction of SspA
SLC , SGO_0707
SLC , and PavB SLC strains The nucleotide sequences of sspA and sspB are highly homologous, which complicates the construction of mutations in the individual genes. To create a strain devoid of the functional SspA and SspB adhesin domains, we first constructed the sspA promoter-signal peptide (S)-LPXTG (L)-C-pep (C) (SspA SLC ) nucleotide sequence using a twostep cloning process, creating the C-pep plasmid (pC-pep; see below). pC-pep was used as PCR template to amplify the in-frame pro-C-pep region using the primer set JKR1-B/JKR1-H-JHMD1. To simultaneously delete sspB, we amplified a ~500-bp region starting at the nucleotide directly following the stop codon of sspB. Chromosomal DNA was used as a template for the primer set C-pepDnFor-JHMD1/sspBDnRev. The PCR products (SspA SLC and SspB-Down) were purified and spliced by SOE-PCR to JHMD1. The product was then transformed into wild-type DL1 and plated on TH erm agar. To remove the mutagenesis cassette, the same regions were amplified from the intermediary strain using the primer sets JKR1-B/JKR1-H (synthesized without restriction endonuclease sites) and SspAC-pepDnFor/sspBDnRev. The two purified PCR products were spliced together using SOE-PCR, transformed into the Erm R intermediary pro-C-pep strain, and plated on TH Construction of pro-pC-pep pC-pep was constructed to model the sequence in the native genome but deleting most of the structural adhesin gene. Amplified by PCR, the construct contained, in order, the predicted promoter region of sspA, the signal sequence, the coding region for the first eight amino acids of the mature SspA, the four amino acids preceding the LPXTG motif, the LPXTG motif, the sequence encoding C-pep, and the stop codon. The oligonucleotides JKR1-B and JKR1-Sup introduced restriction enzyme cleavage sites for Bam HI and Sal I into the amplified promoter-signal peptide fragment. Similarly, the PCR primers JKR1-Sdown and JKR1-H introduced restriction enzyme cleavage sites for Hind III and Sal I into the amplified fragment encoding LPXTG-C-pep. Each fragment was further cloned into pGEM-T (Promega, Madison, WI) and sequenced. For genes without a homologous partner, sgo_0707 and pavB (sgo_1182), we deleted the nucleotide region between the signal peptide sequence and the LPXTG motif using the protocol for whole gene deletion as above, creating strains SGO_0707 SLC and PavB SLC .
Growth curves
Each strain was streaked on THA spec , and three individual colonies were selected and cultured overnight. Cultures were diluted 1:100 into fresh THB spec , and 200 l of culture was aliquoted into triplicate wells of a sterile 96-well microtiter plate (Sarstedt). Each plate was sealed with a Breathe-Easy (Sigma-Aldrich) membrane. Plates were incubated for 16 hours at 37°C in a BioTek Synergy 2 reader. Every 30 min, the plates were shaken for 10 s, and the optical density ( = 600nm) of each well was recorded. The data in fig. S2 represent the mean of all technical replicates for the three colonies of each strain.
Biofilm biomass assay
To test for biofilm formation in the absence of saliva as reported previously (16, 50) , bacteria in BHI broth were grown at 37°C for 16 to 18 hours in 5% CO 2 in 96-well plastic plates (Corning). The plates were inverted and shaken to remove excess liquid growth medium, stain, and buffer. The retained biomass was stained for 15 min with 50 l of 0.1% (w/v) crystal violet. The wells were then washed four times with sterile PBS. Excess PBS was removed by rapping the plate onto paper towels and air-drying for 2 min. To quantify sessile biomass, 200 l of acidified ethanol (4% 1 N HCl/EtOH) was added to each well. In each well, the ethanol and crystal violet were gently mixed, 125 l of the extracted crystal violet was transferred to a new flat-bottom well in a polystyrene microtiter plate, and the absorbance at 570 nm was determined with a BioTek Synergy 2 reader.
To test for biofilm formation in the presence of saliva, pooled human saliva was centrifuged at 4300 rpm (Beckman SX4750 rotor) for 5 min at 4°C, and supernatants were aliquoted into 1.7-ml microfuge tubes and centrifuged at 15,000 rpm (Eppendorf 5415D) for 20 min at 4°C. Saliva aliquots were repooled, and 200 l of clarified saliva was added to each microtiter plate well. Plates were incubated for 1 hour at room temperature on an orbital shaker, and then the saliva was aspirated from each well and replaced with growth medium and bacteria. Negative control saliva-coated wells produced biofilms ≤5% of wild type in assays.
Human-derived multispecies oral microbial community biofilm
Supragingival plaque from the maxillary molars of four healthy volunteers was collected about 24 hours after tooth brushing. The plaque was washed with prereduced sterile PBS and combined for overnight growth in Shi medium (56) at 37°C anaerobically (10% H 2 , 10% CO 2 , and 80% N 2 ). The complex microbial community was frozen in 10% glycerol and served as the stock for our biofilm integration experiments. For biofilm integration, the ex vivo plaque community was grown overnight in Shi medium and diluted to an absorbance of 0.1 ( = 600 nm) in fresh Shi medium. S. gordonii strains containing the JHMD1 cassette were also grown to an absorbance of 0.1 and 2 L were inoculated into 2 mL of the plaque community. The inoculated culture was grown overnight using saliva-coated 12-well polystyrene culture plates (Corning). The planktonic cells were aspirated, and the surface-attached biofilm was washed once with 500 l of pre-reduced sterile PBS. Biofilms that remained attached to the wells were collected for DNA isolation with DNeasy PowerLyzer PowerSoil Kit (Qiagen). S. gordonii presence in the ex vivo community was determined by qPCR amplification of the JHMD1 cassette with primer pairs pheSermAM Fwd and Rev (table S4) and normalized to total 16S ribosomal RNA gene DNA, which was amplified with primer pair (BAC1 and BAC2) (56) . The C t method was used to calculate relative abundance.
Identification and cotranscription analysis by RT-PCR of SGO_1180 and SGO_1181
To identify all of the S. gordonii sensor HKs, we queried the S. gordonii genome in the MIST2 database (http://mistdb.com) and analyzed the predicted HKs of signal transduction proteins (57) . The query yielded 16 potential sensor HKs (table S1) (50, 58, 59) . To identify the most probable intramembrane sensing HK, we filtered the S. gordonii HKs by removing from consideration HKs with a large extracellular region (greater than 60 amino acids), such as SGO_0484 or SGO_1761, and HKs with multiple exposed loops that could function as ligand-binding sites (SGO_1732, SGO_1896, and SGO_2146). We also removed HKs without transmembrane helices (SGO_0641 and SGO_1259), as these were considered to be cytosolic sensors. Of the 16 candidate HKs, 6 remained as potential intramembrane or membrane-bound cytosolic sensors (table S1). We then screened the six HKs for potential cytosolic sensing regions using the benchmark of about 60 amino acids for an independent folding domain in the absence of metal binding. On the basis of these inclusion and exclusion criteria, one HK was predicted to be only an intramembrane sensor, SGO_1180, and was selected for further study.
An overnight culture of S. gordonii DL1 in BHI broth was pelleted by centrifugation. RNA was extracted from the cells using the FastRNA Pro Blue Kit as per the manufacturer's instructions, with one modification: Cells were subjected to three rounds of FastPrep processing (2 × 45 s and 1 × 30 s, at speed 6). Purified total RNA was treated with TURBO DNase (Life Technologies) following the manufacturer's protocol. DNA-free RNA was repurified using the Qiagen RNeasy Mini Kit following the manufacturer's instructions, and the concentration of RNA was determined using a NanoDrop 2000 spectrophotometer. RNA (500 ng) was reverse-transcribed into complementary DNA (cDNA) using SuperScript III RT (Invitrogen) according to the manufacturer's instructions. Separate reactions were set up for pavB-SGO_1181 or SGO_1181-SGO_1180 using PavBRTFor or SGO_1181RTFor oligonucleotide primers, respectively. Control reactions without RT enzyme were also included. Each reaction was diluted 1:100 and 1:1000 in nuclease-free water. The PCR was performed using Crimson Taq DNA polymerase (New England Biolabs) according to the manufacturer's instructions. The oligonucleotide primer pairs PavBRTFor/SGO_1181RTRev and SGO_1181RTFor/SGO_1180RTRev (table S4) were used with the pavB-SGO_1181 and SGO_1181-SGO_1180 cDNA reactions, respectively. PCRs were analyzed by electrophoresis in a 2% agarose gel and visualized by staining with ethidium bromide.
Purification of total RNA for next-generation RNA-seq Overnight cultures were diluted 1:100 in 10 ml of sterile BHI in 100-mm tissue culture-treated dishes (Sarstedt) for biofilm-grown cells or 15-ml polypropylene conical vials (Sarstedt) for free-growing cells and incubated for 4 hours at 37°C in 5% CO 2 . Free-growing cultures were pelleted at 4300 rpm at 4°C, medium was removed, and cells were resuspended in 1 ml of TRIzol reagent (Ambion) and frozen at −80°C. For biofilm cultures, medium was removed, and each plate was gently washed twice with 10 ml of ice-cold PBS to remove loosely attached cells. After washing, 1 ml of TRIzol was placed in each dish and swirled to coat the cells. Each biofilm was carefully removed with a sterile cell scraper, transferred to a microfuge tube, and frozen at −80°C.
Each sample was thawed as needed and lysed as described (10) . After lysis, total RNA was purified using the Direct-zol RNA MiniPrep Kit (Zymo Research) according to the manufacturer's protocol. Purified total RNA was treated with TURBO DNase (Life Technologies) following the manufacturer's protocol. Total RNA was repurified using the Quick-RNA MiniPrep kit (Zymo Research) and quantified using a NanoDrop 2000 spectrophotometer.
Next-generation transcriptomics analysis
To assay sample quality, each isolate of total RNA was quantified using a fluorimetric RiboGreen assay. Total RNA integrity was assessed using capillary electrophoresis (Agilent BioAnalyzer 2100), generating an RNA integrity number (RIN). To pass the initial quality control step, samples needed an RIN of 8 or greater quantified from at least 100 ng. Samples were then converted to Illumina sequencing libraries.
Sequencing library creation
Total RNA samples were converted to Illumina sequencing libraries using Illumina's TruSeq Stranded mRNA Sample Preparation Kit. In summary, 70 ng of mRNA was fragmented and then reversetranscribed into cDNA. The cDNA was adenylated, then ligated to dual-indexed (barcoded) adaptors, and amplified using 15 cycles of PCR. Final library size distribution was validated using capillary electrophoresis and quantified using fluorimetry (PicoGreen). Indexed libraries were then normalized and pooled.
Cluster generation and sequencing
TruSeq libraries were hybridized to a single-read flow cell, and individual fragments were clonally amplified by bridge amplification on board the HiSeq 2500 Rapid instrument. Once clustering was completed, the flow cell was sequenced using Illumina's sequencing by synthesis (SBS) chemistry. Upon completion of read 1, an 8-bp index read for index 1 was performed. The index 1 product was then removed, and the template was reannealed to the flow cell surface. The run continues with seven chemistry-only cycles, followed by an 8-bp index read to read index 2.
Primary analysis and demultiplexing
Base call (.bcl) files for each cycle of sequencing were generated by Illumina Real-Time Analysis software. The base call files and run folders were then exported to servers maintained at the Minnesota Supercomputing Institute. Primary analysis and demultiplexing were performed using Illumina's CASAVA software 1.8.2. The end result of the CASAVA workflow was demultiplexed FASTQ files.
Quality control, read mapping, and differential gene expression analysis Reads were trimmed using Trimmomatic (v 0.33) enabled with the optional "-q" option; 3-bp sliding-window trimming from 3′ end requiring minimum Q30. Quality control checks on raw sequence data for each sample were performed with FastQC. Read mapping was performed via Bowtie (v2.2.4.0) using the genome NC_009785 as reference (60) .
Differential gene expression (DGE) analysis was performed via CLCGWB using an edgeR implementation of the algorithm. DGE lists were generated using an absolute fold change of 2, and a false discovery rate P ≤ 0.05 was considered statistically significant.
Verification of next-generation RNA-seq results using RT-qPCR. Total RNA was purified as described for RNA-seq. RNA (500 ng) was reverse-transcribed into cDNA using the ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs, Ipswich, MA) with random hexamer primers according to the manufacturer's protocol.
Multiplex RT-qPCR
Real-time qPCR amplification, detection, and analysis were performed by the Mx3000 Real-Time PCR system (Stratagene). Multiplex realtime PCR was performed in 20 l of reaction mixtures [1× PrimeTime qPCR low-ROX Master Mix (IDT), 2 l of 1:10 cDNA, and 100 nM each gene-specific forward and reverse primer and probe]. The PCR conditions were (i) 95°C for 3 min and (ii) 40 cycles of 95°C for 15 s and 60°C for 60 s. The C t method was used to calculate relative gene ex pression.
YFP labeling of the SGO_0707 C-pep
To construct the SGO_0707 C-pep Venus YFP strain, the gBlock 0707Up-Venus-YFP-JHMD1 was synthesized (IDT). This gBlock contains the coding sequence for the penultimate codon and preceding 165 codons of sgo_0707, full Venus YFP I152L coding sequence without a stop codon, and an overlapping sequence complementary to the 5′ terminus of the JHMD1 cassette. This gBlock, along with a PCR-amplified region from DL1 genomic DNA containing the sgo_0707 stop codon and about 500-bp downstream, was attached to the either end of the JHMD1 cassette using SOE-PCR and transformed into S. gordonii DL1 as described above. To resolve the YFP insertion, the sgo_0707Up-Venus segment was amplified by PCR using the gBlock as template and attached using SOE-PCR to a downstream PCR product containing the sgo_0707 stop codon and downstream region of homology. Resolved mutants were verified by diagnostic PCR, the production of a fluorescent signal, and DNA sequencing.
Structured-illumination microscopy SIM was performed using a custom-built system (61) as modified for live organisms (62) . In brief, SGO_0707-YFP cells were cultured for 4 hours at 37°C with the lipid dye FM 4-64FX (F34653, Thermo Fisher Scientific) at a final concentration of 15 ng/l and then fixed in 1% paraformaldehyde supplemented with Hoechst 33342 (20 g/ml) for 10 min at 4°C. Cells were then plated on a 25-mm glass coverslip #1.5 with TetraSpeck Microspheres 0.1 m (T7279, Thermo Fisher Scientific), which were used as fiducials for postprocessing registration. The coverslip was then sealed with another coverslip using ProLong Diamond (P36965, Thermo Fisher Scientific). YFP was excited using the 488-nm laser line and detected using a green fluorescent protein (GFP) filter (BP 525/45). FM 4-64FX was excited using the 561-nm laser line and filtered with a far-red filter (LP 635). Hoechst 33342 was excited with the 405-nm laser line and detected with a 4′,6-diamidino-2-phenylindole filter (BP 480/40). Data acquisition and postprocessing were performed as described (62) .
In vivo bifluorescent complementation
Using a series of PCRs and SOE-PCR, the nonfluorescent N-or C-terminal halves of Venus YFP (63) , amplified from the 0707Up-Venus-YFP-JHMD1 gBlock, were placed between codons 2 and 3 of SGO_1180 (cytoplasmic side of TM1, creating strains 1180-TM1-V-N and 1180-TM1-V-C) or codons 61 and 62 (cytoplasmic side of TM2, creating strains 1180-TM2-V-N and 1180-TM2-V-C). Subsequently, the mated N-or C-fragments were placed in-frame between the penultimate codon and stop codon of sgo_0707 separately and in combination with the SGO_1180 N-or C-fragment strains.
SGO_1180 and SspA C-pep purification
To obtain purified SGO_1180 HK and SspA C-pep, the corresponding open reading frames (ORFs) were cloned into an E. coli expression system. Sgo_1180 was cloned into pET28 vector, creating pET1180, and the sequence was verified by DNA sequencing. pET1180 was subsequently transformed into E. coli BL21(DE3) cells, creating strain BL1180. An overnight culture of BL1180 was diluted into fresh LB medium. Upon reaching an OD 600nm = 1, isopropyl--dthiogalactopyranoside (IPTG) was added to a final concentration of 1 mM to induce production of SGO_1180. The culture was incubated at 25°C for 16 hours. Cells were collected by centrifugation and lysed by sonication (three cycles × 2 min). Cellular debris and unlysed cells were pelleted by centrifugation at 8000g for 20 min. The membranes were then recovered by ultracentrifugation at 138,000g (Type 45Ti rotor) for 60 min. The proteins were solubilized from membranes using 50 ml of solubilization buffer [50 mM tris (pH 7.4), 300 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 10% glycerol (v/v)] by slowly adding dodecyl--maltoside (DDM; Anatrace) to a final detergent concentration of 1.0% (v/v). The solubilization mixture was incubated at 4°C for 60 min with stirring. Insoluble material was pelleted by ultracentrifugation at 138,000g for 60 min. The soluble fraction was mixed with 5 ml of Ni nitrilotriacetic acid (NTA) agarose (Qiagen) [pre-equilibrated with 50 mM tris (pH 7.4), 300 mM NaCl, 0.1% DDM, 1 mM PMSF, and 10% glycerol (v/v)] and incubated with gentle agitation at 4°C for 60 min. The resin was then packed in a chromatography column and washed with 30 ml of wash buffer [0.1% DDM (v/v), 50 mM tris (pH 7.4), 10% glycerol (v/v), 300 mM NaCl, and 30 mM imidazole] to remove nonspecifically bound material. Bound material was eluted with elution buffer [0.1 DDM (v/v), 50 mM tris (pH 7.4), 10% glycerol (v/v), 300 mM NaCl, and 300 mM imidazole]. The eluted sample was concentrated and purified by size exclusion chromatography [Superdex 75, 0.05% DDM, 50 mM Hepes (pH 7.4), and 300 mM NaCl]. The sample was digested with thrombin overnight at 4°C to remove the 6× His tag and repurified by size exclusion chromatography.
SspA C-pep was purified using essentially the same protocol, with minor modifications. A DNA sequence consisting of GFP-TEV protease recognition sequence-SspA C-pep (IDT) was cloned into the pESUMOpro-Amp vector. After purification by Ni-NTA chromatography, the fusion protein was sequentially treated with ULP1 protease to cleave the SUMO tag and Tobacco Etch Virus (TEV) protease to cleave the GFP from SspA C-pep. The SspA C-pep was purified by size exclusion and 0.1% DDM].
Solid-state NMR
For MAS solid-state NMR experiments, SGO_1180 dimer in the absence and presence of C-pep was reconstituted in 2 H DMPC lipids. Specifically, recombinant 15 N, 13 C uniformly labeled SGO_1180 was solubilized in 0.1% DDM and added to a suspension of DMPC. The detergent was removed by addition of 50:1 (w/w) of biobeads. After centrifugation and removal of biobeads, the proteolipids were pelleted using two ultracentrifugation steps: the first one for 30 min at 30,000 rpm and a second at 80,000 rpm for 12 to 20 hours. Subsequently, the wet proteolipidic preparation was inserted in a 3.2-mm MAS rotor. For the preparation of the SGO_1180:C-pep complex, both proteins were solubilized in 0.1% DDM and added to the DMPC lipid vesicle preparation, reaching a final stoichiometry of 1:1 SGO_1180:C-pep (two C-pep per SGO_1180 dimer). A 50:1 (w/w) suspension of biobeads was used to remove DDM, and the complex was pelleted by ultracentrifugation before insertion in the MAS rotor. Solid-state NMR experiments were performed on an Agilent ssNMR spectrometer operating at a 1 H Larmor frequency of 600 MHz equipped with 3.2-mm scroll MAS probe. For all the experiments, MAS rate ( r ) was set to 12 kHz, with acquisition time and recycle delay respectively set to 20 ms and 2 s. During acquisition, SPINAL-64 decoupling was applied (64) . For cross-polarization (CP) and INEPT experiments, the temperature was respectively set to and 2° and 25°C (65) . The 90° pulse lengths for 1 H and 15 N were 2.5 and 6 s, respectively. The CP experiments were acquired with 32 scans, with the Hartman-Hahn contact time set to 500 s during which the 15 N radio frequency (RF) amplitude set to 35 kHz, whereas 1 H RF amplitude was linearly ramped from 80 to 100% with the center of the slope set at 59 kHz (66) . The 1D and 2D rINEPT spectra of SGO_1180 in the absence of SspA C-pep were acquired with 592 scans, whereas for the 1D rINEPT spectrum in the presence of SspA C-pep was acquired with 784 scans.
SGO_1180 ortholog cloning and biofilm complementation analysis
To determine whether the SGO_1180 orthologs identified via bioinformatics and S. gordonii SGO_1180 functioned similarly, the orthologous genes of S. pneumoniae, S. agalactiae, and S. aureus were cloned into the E. coli-Streptococcus shuttle vector, pDL278. Each ortholog was synthesized (IDT) with the S. gordonii ldh promoter and optimized Gram-positive ribosome binding site (RBS) preceding the ORF. The DNA sequence encoding a 3× TY1 epitope tag was placed into the sequences corresponding to the C-terminal cytoplasmic side of the second transmembrane domain for each ortholog as described for the Venus YFP fragments in the BiFC section. We had determined that SGO_1180 was rendered nonfunctional after placement of an N-terminal 3× TY1 epitope tag. Each construct was synthesized with 5′ phosphorylation for blunt-end cloning. The vector pDL278 was digested with Sma I and treated with rSAP (New England Biolabs), and linear pDL278 was purified from a 1.2% agarose gel after electrophoresis using the QIAquick Gel Extraction Kit (Qiagen). Each synthetic construct (30 ng) and 1 ng of purified linear rSAP-treated pDL278 were mixed in a T4 ligase (New England Biolabs) reaction and incubated at room temperature overnight. Each reaction mix was transformed into NEB 5-alpha competent E. coli cells, and recombinants were screened on LB spec agar, 1 mM IPTG, and X-galactosidase (200 g/ml). White colonies were subsequently screened by colony PCR for insert orientation in pDL278 using primers ldhFor/pDL278For and OneTaq 2× PCR Green Master Mix (New England Biolabs) according to the manufacturer's instructions. The pDL278 control and correctly oriented ortholog complementation constructs were purified from E. coli using a QIAprep Spin Miniprep kit (Qiagen). Each construct was separately transformed into DL1∆SGO_1180∆SspAB and selected on THA spec agar. To verify complementation construct production, S. gordonii transformants were cultured overnight, centrifuged, and lysed as described (50) . Lysates were mixed 3:1 with SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer, boiled, and cooled to room temperature. After cooling and allowing lysing matrix beads to settle, a 20-l aliquot of the supernatant was loaded into a precast 4 to 20% SDS-polyacrylamide gel (Bio-Rad) and electrophoresed until the loading buffer dye front reached the bottom of the gel. The gel was electroblotted onto 0.45-m nitrocellulose membrane using a Bio-Rad Trans-Blot Semi-Dry Transfer Cell. The membrane was blocked with 5% dry milk in PBS-Tween 20 [0.05% (v/v); PBS-T] for 1 hour at room temperature. The membrane was incubated with 1:1000 dilution of rabbit anti-TY1 antibody (GenScript) for 1 hour at room temperature and then washed three times with PBS-T. The membrane was incubated with a 1:15,000 dilution of anti-rabbit 800CW antibody (LI-COR), washed three times with PBS-T, and imaged using an Odyssey Imaging System (LI-COR). S. gordonii wild-type strains, carrying the empty vector and a chromosomally tagged 3xTY1-sgo_1180, served as negative and positive immunoblotting controls, respectively. Verified ortholog-producing S. gordonii transformants were cultured overnight and assayed for biofilm formation in the saliva-modified, biofilm assay as described above.
Data analysis
Numerical data were analyzed in GraphPad Prism version 8. Data were analyzed for normality using a D'Agostino and Pearson test. Parametric data were analyzed using Student's t test or ANOVA with Tukey's multiple comparisons test as reported in the corresponding figure legend. Nonparametric data were analyzed using a KruskalWallis test with Dunn's multiple comparisons test. A P value of ≤0.05 was considered statistically significant with *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. The data and materials that support the findings of this study are available from the corresponding author upon reasonable request.
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